IntroductIon
Thyroid cancer is the most common endocrine malignancy with more deaths annually than all other endocrine cancers combined. Medical centers in many parts of the world have noted an increasing frequency of cases of thyroid cancer. The general impression has been that if there is a rising frequency, it was likely due to some environmental cause, namely, greater radiation exposure or some other toxic exposure. This concept was dealt with in the publication of a statistical analysis of data from the Surveillance Epidemiology and End Results (SEER) database by Davies and Welch. 1 This analysis indicated that the ostensible increase was actually due to increasing detection and not to a greater occurrence of papillary thyroid cancer. This review will explore this concept as well as examine the likelihood of an impact of environmental risk factors other than radiation exposure on thyroid cancer.
General overvIew of epIdemIoloGy
Papillary thyroid carcinoma (PTC) is the most common of all endocrine malignancies and is the most highly differentiated cancer of the thyroid follicular epithelium. PTC tends to affect women more often than men, and in 2006 it was predicted to be one of the top seven leading causes of new cases of cancer in women, representing 3% of all cancers in women, about 1% in men, 2 and about 1.4% of all cancers in children. In general, approximately twothirds of thyroid cancer patients will be women (2: 1 ratio), although this will differ in other countries as compared to the USA. For example, the female: male ratio in Japan has been described as much as 13: 1.
3 Thyroid cancer is very rare in children under age 15, representing 1.5-3% of all childhood cancers, but initial presentation may be as early as at 5 years of age. In North American children, incidence rates are 0.9 per million boys and 2.2 per million girls, 4 with the sex ratio being relatively equal until puberty. In adolescence, the F/M ratio may be as high as 2.5-6:1, and most of these tumors are PTC. The extreme sensitivity of children's thyroid gland to radiation is exemplified by the epidemic of thyroid cancer in children exposed to radiation in Belarus in 1986, presumably because the 'younger' thyroid gland undergoes more rapid growth and cellular proliferation. This is even more the case in the presence of iodine deficiency, a situation that pertains to Belarus and the surrounding area (see below). Thyroid cancer may also present in the extreme later decades of life, although most patients will present between the ages 25 and 55. If the increasing incidence is due to detection, then it follows that theoretically the longer one lives the greater the likelihood of detection. Indeed, the annual incidence of thyroid cancer increases with age, and then peaks between 100-120/10 6 by the fifth to eighth decades of life. 5 Prognosis worsens after age 45, which accounts for the change in staging of thyroid cancers based upon whether the diagnosis is initially made before or after the 45th birthday. The American Cancer Society estimated 37,200 new cases of thyroid cancer in 2009 with approximately 1600 deaths occurring amongst the estimated 300,000 patients with the disease in the USA. It is anticipated that this will rise further. The possible basis for increasing detection as accounting for the higher frequency of thyroid cancer is related in part to earlier diagnosis due to use of ultrasound and fine needle aspiration (FNA) cytology of thyroid nodules, particularly in regard to nodules found incidentally during other imaging techniques such as computerized tomography (CT), magnetic resonance imaging (MRI), FDG-positron emission tomography (PET) scanning or Doppler ultrasonography. However, the potential etiologic role of increasing exposure to ionizing radiation deserves careful examination. As mentioned above, a recent analysis alleges that the increase is more apparent than real and is simply due to better detection. 1 This retrospective analysis of the SEER database from 1973 to 2002 confirmed a 2.4 fold rise in incidence from 3.6/100,000 in 1973 to 8.7/100,000 in 2002. Indeed, the latter analysis ascribed the mounting frequency of cases almost totally to cases of PTC and not to any of the other variants of thyroid cancer. Meanwhile, most of the PTCs identified were small, often microcarcinomata, 49% being <1 cm in diameter and 87% being <2 cms. Given that there was no observed rise in mortality during this time interval (0.5/100,000), the authors concluded that the observed increase was due to greater rates of detection over the past several decades and not to actual increases in occurrence. PTC accounts for 65-80% of all thyroid cancers 5, 6 and its increasing frequency relative to the incidence of follicular thyroid cancer (FTC) has been attributed to the higher iodine content of the American diet. Exposure to radiation as a risk factor for PTC is difficult to deny in the face of indications that the risk of malignancy in a thyroid nodule rises from 5-10% up to 30-50% with radiation exposure. 7 Sources for radiation exposure, given the long latency and slow growth rates for thyroid cancer, could include the nuclear tests of the 1950s and 1960s as well as nuclear facility accidental releases such as at Chernobyl in 1986.
About a third of patients will have some underlying thyroid disease such as Hashimoto's disease or multinodular or adenomatoid goiter. In one series of 596 PTC patients, 8 40% of patients had other benign thyroid disease, 33% having coexistent thyroid nodules and 20% having Hashimoto's thyroiditis. Coexistent Hashimoto's disease may be a favorable prognostic factor for recurrence and survival.
9,10 Some familial PTCs occur in association with Hashimoto's thyroiditis, 11, 12 and a family history of thyroid cancer is important to elicit at presentation. One basis for this relationship has been found to be increased PI3K/ Akt expression which is elevated in both the chronic inflammation of Hashimoto thyroiditis and in well differentiated thyroid cancer. 13 In addition, the relative risk of thyroid cancer may be ten times higher in relatives of patients with thyroid cancer.
14 There may also be an increased risk of developing breast cancer in patients with Hashimoto's thyroiditis as well as in white (but not black) women with thyroid cancer (RR = 1.42), although breast cancer patients do not have an increased risk of thyroid cancer. 15, 16 
GeoGraphIc consIderatIons
Thyroid carcinoma is the most common of the endocrine cancers, with annual incidence rates ranging from 1 to 10 cases per 100,000 population, and (other than skin cancer) it accounts for 1.7% of all malignancies in the USA (0.85% of cancers in men, 2.6% in women). 2 Annual incidence rates of thyroid cancer will vary by geographic area, age, and sex. The age-adjusted annual incidence (for the period 1996 to 2000) in the United States was 68 new cases per million, 5, 6 with a higher incidence in women (99 per million) than men (36 per million). 5, 17 Worldwide, incidence rates of thyroid cancer may vary widely, with the causes potentially related to inherent racial or ethnic differences, geographical or environmental differences including iodine excess or deficiency, and possible radiation exposure. Rates have been observed to be high in certain geographic areas such as Hawaii (119 per million women and 45 per million men), 5, 18 particularly among Chinese and Filipinos, while rates in Poland are among the lowest recorded at 14/million women and 4/million men. 19 The incidence of thyroid cancer is higher in Hawaii in each ethnic group than in their country of origin. The incidence of thyroid cancer in Chinese and Japanese living in the United States of America is two-fold the incidence in their country of origin. Indeed, although there is considerable variation in cancer incidence worldwide, 20 reports of escalating incidence over the past several decades have come from all over the globe, including Italy, 21 Iceland, 22 Canada, 23 USA, 24 Australia, 25 the South Pacific, 26 and Europe. 27, 28 Given that there is more than sufficient evidence that the incidence of thyroid cancer, and PTC in particular, is increasing, what might be the reason or reasons for these observations? Davies and Welch 1 have emphasized the greater likelihood of finding small incidental tumors by various imaging techniques. Related to this is the other important mechanism for detecting thyroid disease by actual screening techniques, and improved screening was believed to underlie the increasing frequency of detection in several geographic areas. 24, 27, 28 dIetary IodIne Dietary iodine intake is among the possible environmental influences on the incidence and prevalence of thyroid disease in general and thyroid cancer in particular. That an observed upsurge in the frequency of papillary carcinoma in Ireland might be related to increased dietary iodine intake was proposed by Dijkstra et al. 29 These workers retrospectively reviewed data from 1970 to 2000 and observed a significant increase in PTC in parallel with increases in iodine intake. Indeed, a higher incidence of thyroid cancer has been noted in regions enjoying introduction of iodine prophylaxis against goiter, and a predominance of PTC over follicular thyroid cancer (FTC) in areas of iodine surfeit is well recognized, as is the association, on the other hand, of iodine deficiency with FTC. On the basis of the kinetics of iodine economy, it would be expected that the fractional iodine uptake of thyroid glands would be higher in patients living in regions of iodine deficiency. As a consequence, children in such areas of the world would be susceptible to higher absorbed doses of radioiodine in the event of nuclear accidents or other radiation exposure. Cardis et al 30 estimated that the odds ratio for thyroid cancer with 1 Gy of exposure ranged from 5.5 to 8.4 and an iodine deficient diet potentiated the risk of cancer by three-fold. Importantly, dietary potassium iodide supplements reduced the risk by three-fold, even when the iodine was ingested as late as several months later.
radIatIon and radIatIon fallout
It is well acknowledged that the thyroid gland is unusually sensitive to both external and internal radiation, and of course radioiodine is employed therapeutically for diffuse and nodular toxic goiter and thyroid cancer. Indeed, the thyroid gland is arguably the only organ with a documented major rise in cancer incidence after radiation exposure, especially in children. Focal micropapillary hyperplasia has been found in the thyroids of children exposed at Chernobyl, likely representing a histopathologic precursor of carcinoma, and it is the children's exposure to fallout that constitutes the most logical explanation. General aspects of radiation injury to the thyroid gland, and the well documented history of the Chernobyl accident in April 1986 and its consequences, have been extensively reviewed 31, 32 and will not be discussed at any significant length here. Suffice it to say that a strong dose response curve has been observed based upon reconstructions of estimated radiation dosage exposure and dietary iodine intake. Cardis et al 30 examined the records of children who were of age <15 in April 1986 in Belarus and described the dose response curve for 276 confirmed cases of thyroid cancer. The median dose was 0.35 Gy with a maximum dose of 10.2 Gy. The increased incidence clearly related to the nuclear accident, with incidence rates of thyroid cancer in children at Belarus <15 yrs at diagnosis rising from 0.3/10 6 before the accident (1981-85) to 4.0/10 6 between 1986-1990, and up to nodules are found in 16 to 29% and carcinoma in one third of these nodules. 43 Most nodules tend to occur within 10 to 20 years of exposure, but the risk for nodule development and thyroid cancer may exist for over 40 years.
addItIonal factors
A few other factors that may potentially enhance risk for thyroid cancer deserve mention. One is the presence of antecedent benign thyroid disease, e.g. goiter, particularly multinodular goiter. Although several studies have found that goiter and benign thyroid adenomata reflect risk factors for subsequent thyroid cancer, there is a significant confounder in regard to recall bias in these studies. However, there is one linkage study that avoided such bias and did find that prior benign thyroid disease was a risk factor. 44 A variety of other disorders may also be associated with thyroid cancer including Gardner's syndrome, familial adenomatous polyposis, Cowden syndrome, Carney complex, 45 celiac disease, 46 and obesity. 47 Several in vivo and in vitro studies have implicated thyrotropin (TSH) as a mitogen, with higher TSH levels being associated with stimulation of growth of thyroid cancer cells and metastases, while more successful outcomes are associated with TSH suppression. 48 Consequently, it was not too surprising to learn of studies indicating a correlation between age and TSH level with incidence of thyroid cancer 49 and that pre-operative TSH levels were statistically significantly correlated with cancer risk and with stage of disease. 50 These data may have implications and relevance to the increased frequency of thyroid cancer in Hashimoto thyroiditis patients who may have higher than normal TSH levels due to early gland failure or to relative iodine excess.
Gender as a risk factor for thyroid cancer has been puzzling, with most population studies showing a clearly increased risk in women, yet it seems that the disease may be more aggressive in men. It is notable that the pre-pubertal and post-menopausal incidence rates are not greater than in men. The female preponderance suggests that estrogen or other hormonal factors are involved-some studies showing a correlation between parity and incidence-with a greater risk of thyroid cancer with more pregnan-30.6/10 6 between 1991-1994. In the region of Gomel Oblast, even more dramatic increases in incidence were seen in the same respective three time periods from 0.5/10 6 to 10.5/10 6 to 96.4/10 6 .
Other examples of thyroid malignancies, again typically only PTC, may develop as a result of radiation fallout due to nuclear weapons testing. Kerber et al 33 studied 2473 individuals who had been exposed as children to fallout from nuclear weapons testing and who received doses ranging from 0-4600 mGy and averaging 170 mGy. They found a statistically significant increase in both benign and malignant thyroid lesions, with a 400 mGy exposure being associated with a 3.4-fold relative risk. Both benign and malignant thyroid nodules were also well documented due to the fallout over the Marshall Islands in 1954. 34 Indeed, thyroid cancer was the first malignancy discovered to have been associated with the atomic bombs dropped at Hiroshima and Nagasaki, and the presence of thyroid cancer in survivors could be directly linked to that exposure. 35, 36 On the other hand, smaller amounts of radiation exposure, i.e. from either lower dosage of fallout 37 or from diagnostic use of radioisotopes, have not been associated with a higher incidence of thyroid cancer. Thus, diagnostic 131-Iodine was not associated with thyroid neoplasia in a total of over 6000 children 38, 39 or in another review of 2727 patients who received 131-Iodine therapy for hyperthyroidism. 40 external radIatIon exposure External radiation therapy for a variety of benign conditions of the head and neck was introduced between 1920 and 1950 in the United States. There is a linear relationship between radiation doses up to 1800 rads and the incidence of thyroid nodules and cancer. The increase in the risk of clinically significant thyroid cancer associated with prior radiotherapy to the head and neck given for thymic enlargement, tonsillitis, acne, and adenitis is around 3%. 41, 42 As suggested above, radiation exposure during childhood is more likely to produce thyroid neoplasia than similar exposure at a later age, this possibly being related to greater cellular mitotic activity at the earlier age of insult. Among individuals in the U.S. receiving head and neck irradiation in childhood, palpable cies. A specific susceptibility gene with sex hormone receptor elements has been postulated.
conclusIons
There is absolutely no question that the incidence of thyroid cancer, and papillary thyroid carcinoma in particular, is increasing in many parts of the world. The data are suggestive, but not fully convincing, that the etiology of the increasing incidence is due solely to improved detection and screening. However, while man and pertinent technology may have become more adroit at detection, mankind has also enhanced risks of thyroid malignancy by interventions such as therapeutic radiation to the head and neck and nuclear fission with its radiation fallout. The resultant higher prevalence of thyroid cancer is further heightened by autoimmune phenomena, genetic mutation, alterations in iodine intake, and potential environmental carcinogens, both known and unknown. If the increase is simply due to improved detection, it is difficult to explain the observations that incidence appears to be increasing faster in developing countries (which can ill afford the expensive technology for detection) than in the West. Davies and Welch 1 argue that the fact that cancer mortality has been stable over several decades might imply that most of the carcinomas detected may be papillary microcarcinomas found early enough to have an excellent prognosis. Is it also possible that the mortality rates are stable, in spite of increasing incidence, due to the improved approaches to management and therapy that accompanied development of highly sensitive thyroglobulin assays, recombinant human thyrotropin, FDG-PET scanning, and better understanding of the natural history of thyroid cancer. These questions will hopefully be resolved with accumulating experience and the passage of time, and until then we must continue to study and increase our awareness in identifying events and entities that may enhance cancer risk. 
